We have established a coculture system of human distal lung epithelial cells and human microvascular endothelial cells in order to study the cellular interactions of epithelium and endothelium at the alveolocapillary barrier in both pathogenesis and recovery from acute lung injury. The aim was to determine conditions for the development of functional cellular junctions and the formation of a tight epithelial barrier similar to that observed in vivo. The in vitro coculture system consisted of monolayers of human lung epithelial cell lines (A549 or NCI H441) and primary human pulmonary microvascular endothelial cells (HPMEC) on opposite sides of a permeable filter membrane. A549 failed to show sufficient differentiation with respect to formation of a tight epithelial barrier with intact cell-cell junctions. Stimulated with dexamethasone, the cocultures of NCI H441 and HPMEC established contact-inhibited differentiated monolayers, with NCI H441 showing a continuous, circumferential immunostaining of the tight junctional protein, ZO-1 and the adherens junction protein, E-cadherin. The generation of a polarized epithelial cell monolayer with typical junctional structures was confirmed by transmission electron microscopy. Dexamethasone treatment resulted in average transbilayer electrical resistance (TER) values of 500 X cm 2 after 10-12 days of cocultivation and correlated with a reduced flux of the hydrophilic permeability marker, sodium-fluorescein. In addition, basolateral distribution of the proinflammatory cytokine tumour necrosis factor-alpha caused a significant reduction of TER-values after 24 h exposure. This decrease in TER could be re-established to control level by removal of the cytokine within 24 h. Thus, the coculture system of the NCI H441 with HPMEC should be a suitable in vitro model system to examine epithelial and endothelial interactions in the pathogenesis of acute lung injury, infectious lung diseases and toxic lung injury. In addition, it could be used to improve techniques of lung drug delivery that also requires a functional barrier.
A key role of epithelia and endothelia is the formation of diffusion barriers that allow the generation and maintenance of compartments with different compositions, a fundamental requirement for the physiological functioning of organs. 1 One of the vital barriers in the human body is the blood-air interface in the lung. With an area of approximately 100-140 m 2,2 the alveoli of the human lung are functionally the most important element of the lung.
Owing to the complexity of the alveolar system, little is known about the interactions between microcirculation and epithelium within the alveolar space. Most investigators have concentrated their efforts on studying lung endothelial injury when examining pathological conditions. Increasingly, the alveolar epithelial barrier has been shown to play a central role in pulmonary disease. 3 Various morphological and physiological studies demonstrated that the alveolar barrier offers a much greater resistance to the movement of solutes and protein than the nearby endothelium. [4] [5] [6] The alveolar epithelium consists of two specialized epithelial cell types. The terminally differentiated squamous alveolar epithelial type I (ATI) cell that constitutes approximately 93% of the alveolar surface area and the surfactant producing cuboidal alveolar epithelial type II (ATII) cell. While the ATII cell only covers 7% of the alveolar surface area it constitutes 67% of the epithelial cell number within the alveoli 7 pointing to its biochemical importance. The major functions attributed to ATII cells are the synthesis of surfactant, the transepithelial movement of water and ions, the metabolism of xenobiotics and the regeneration of alveolar epithelium following lung injury. [8] [9] [10] [11] [12] [13] [14] The surfactant film not only has a regulatory function to lower the surface tension in lungs but is also involved in innate immune responses in the lung via the ability of surfactant protein-A (SP-A) and SP-D to bind various pathogens including viruses, bacteria, fungi and particulates such as pollen grains and mite allergens. 15 To generate a functional barrier in vitro, one main precondition is the establishment of tight junctions (TJ) and adherens junctions (AJ) between adjacent cells. TJ are located at the most apical region of lateral membranes of epithelial cells and are thought to function as a fence between apical and basolateral plasma membrane domains to create and maintain their polarity. 16 ZO-1 is one of the major cytoplasmatic proteins of the TJ and has been found to be associated with the transmembrane protein occludin and to link it to the actin-based cytoskeleton. 17 The formation of the TJ is accompanied by AJ and these two distinct junctions show not only an intimate spatial but also a functional relationship. [18] [19] [20] In contrast to the epithelium, endothelium does not show a clear morphologic differentiation into AJ and apical TJ, with both junctional structures present along the complete lateral aspect of the endothelial contacting zones. 21, 22 AJ contribute to the maintenance and regulation of the cellular barrier by forming homotypic bonds with adjacent cells via Ca 2 þ -dependent interactions. The integral membrane component of AJ is E-cadherin or VEcadherin (cadherin-5), for epithelial or vascular endothelial cells, respectively, which interacts with the actin cytoskeleton via cytoplasmatic proteins, the a-, b-and g-catenins. [23] [24] [25] As TJ are highly dynamic structures capable of rapid alterations in disease and in response to functional stress, 26 their assembly in vitro is dependent upon the differentiation of cells. In previous studies, existing human distal lung epithelial cell lines failed to develop substantial transepithelial resistance (TER) indicating the lack of TJ-mediated epithelial barrier formation [27] [28] [29] or insufficient differentiation. Proliferation and differentiation of cells is known to be highly dependent upon the choice of culture conditions, such as treatment with growth factors and hormones as well as cocultivation with adjacent cell types. Several in vitro models have shown that glucocorticoids tighten cellular contacts in mammary epithelium, retinal endothelium and brain microvascular epithelium. [30] [31] [32] [33] On the other hand, proinflammatory cytokines, like tumour necrosis factor-alpha (TNF-a), act in a contrary fashion, influencing intercellular interactions and permeability across epithelial and endothelial cells. In lung pathobiology, TNF-a is a mediator of sepsis syndrome and the acute respiratory distress syndrome. [34] [35] [36] [37] TNF-a induces an increase in pulmonary vascular permeability in vivo, 38 in the isolated lung, 39, 40 and in pulmonary arterial and microvessel endothelial monolayers. [41] [42] [43] To simulate a functional lung-blood barrier, we investigated a coculture system of human distal lung epithelial cell lines (A549 and NCI H441) and primary human pulmonary microvascular endothelial cells (HPMEC). The cells were allowed to reach confluence, differentiated into their respective phenotypes and were examined for the establishment of cell-cell junctions and the formation of a tight epithelial barrier. These parameters were also studied in the presence of the glucocorticoid dexamethasone (Dex) in monocultures of human lung epithelial cell lines and cocultures of human lung epithelial cell lines and primary microvascular endothelial cells. Furthermore, the influence of TNF-a exposure on the established coculture was examined with TNF-a acting as a model proinflammatory cytokine in acute lung disease.
Materials and methods

Cells and Cell Culture
Human adult pulmonary microvascular endothelial cells (EC) were obtained from macro-and microscopically normal portions of lung specimens surgically resected from patients who underwent lobectomies for early stage lung cancer. The present study was approved by the ethics committee of the University of Mainz and informed consent as defined by the Helinski Declaration was obtained from each patient. HPMEC were isolated from lung specimens as previously described. 44 Briefly, the lung specimens were digested by dispase and elastase treatment and the cells were cultured in HPMEC medium (MCDB 131 þ 15% foetal calf serum (FCS) þ 2 mM glutamax þ penicillin/streptomycin (Pen/Strep) (100 U/100 mg/ml) þ heparin (10 mg/ml) þ bFGF (2.5 mg/ml; Sigma, Taufkirchen, Germany)) in tissue culture flasks coated with gelatin (0.2%) for several days until subconfluent. Endothelial cells expressing platelet endothelial cell adhesion molecule (PECAM-1, CD31) were isolated using the Dynabeads CD31 Endothelial Cell kit (Dynal, Oslo, Norway) according to the instructions of the manufacturer. Fresh medium was added every 2-3 days, and the cells were subcultured 1 : 3 with trypsin/EDTA treatment of confluent monolayers. More than 99% of the cells were shown to be endothelial cells by staining for CD31 and vWF.
The human lung adenocarcinoma cell lines, A549 (ATCC-CCL-185) and NCI H441 (ATCC-HTB-174), were obtained from ATCC (Promochem, Wesel, Germany). The A549 cells were propagated in HPMEC medium with 5% FCS, the NCI H441 cells were cultured in RPMI 1640 medium with L-glutamine supplemented with 10% FCS and Pen/Strep (100 U/100 mg/ml) at 371C, 5% CO 2 . The serum substitute ITS þ (insulin, transferrin, selenious acid, linoleic acid, BSA) was from BD Labware (Heidelberg, Germany). MCDB 131, RPMI, FCS, glutamax and Pen/Strep were purchased from Life Technologies (Karlsruhe, Germany).
Coculture of HPMEC with A549 or NCI H441
HPMEC (5 Â 10 4 /cm 2 ) were placed on the lower surface of an inverted collagen type I from calf skin (IBFB, Leipzig, Germany)-coated HTS 24-Transwell s filter (polycarbonate, 0.4 mm pore size; Costar, Wiesbaden, Germany) membrane and incubated for 2 h at 371C and 5% CO 2 . The filter plates were then inverted and placed in 24-well plates filled with 1 ml HPMEC medium (5% FCS) per well. A549 or NCI H441 (2 Â 10 4 /cm 2 ) cells were subsequently seeded on the top surface of the HTS 24-Transwell s filter membranes (190 ml/well) and grown to confluence simultaneously with the HPMEC on the lower surface over 10-14 days, using the same conditions outlined for flasks. Cocultures and mono-cultures as controls were allowed to reach confluence for 3 days after which fresh medium was replaced every second day for further experiments. For the Dextreated cells, 190 ml of fresh medium supplemented with 1 mM Dex (Sigma, Taufkirchen, Germany) was added to the apical well beginning at day 3.
Antibodies
Anti-rabbit SP-A, -B, -C, -D were obtained from Santa-Cruz Biotechnologies (Heidelberg, Germany). Mouse monoclonal anti-E-cadherin (uvomorulin, L-CAM) was obtained from Monosan (CellSystems, St Katharinen, Germany) anti-TTF-1 from NeoMarkers (Dunn, Asbach, Germany). Rabbit polyclonal anti-ZO-1 antibody was purchased from Zymed Laboratories Inc. (South San Francisco, CA, USA). Mouse monoclonal anti-human cadherin-5 (VE-cadherin) was from BD Transduction Laboratories (Heidelberg, Germany). The secondary antibodies, Alexa fluor 488-conjugated anti-mouse IgG and Alexa fluor 594-conjugated anti-rabbit IgG, were from Molecular Probes (MoBiTec, Gö ttingen, Germany).
Immunocytochemical Staining
For characterization studies the cells were grown to confluence on collagen coated (14.5 mg/cm 2 ). eightwell chamber slides. All other studies were carried out by growing the cells in mono-and coculture on permeable filter supports. At various times of cultivation (see single experiments), the cells were washed in phosphate-buffered saline (PBS) with calcium, fixed with paraformaldehyde (3.7%) in CS buffer piperazine-N,N 0 -bis (2-ethanesulfonic acid) (PIPES) 0.1 M, ethyleneglycol-bis (b-aminoethylether) N,N,N 0 ,N 0 -tetraacetic acid (EGTA) 1 mM, 4% polyethylene glycol 800, NaOH 0.1 M) for 20 min, and washed twice in PBS. The filter membranes were further permeabilized with 0.5% Triton X-100 in PBS and the respective primary antibodies (in PBS þ 3% bovine serum albumin (BSA)) were added and incubated overnight at 41C. Cells were washed four times in PBS and incubated with a fluorochrome-coupled secondary antibody for 3 h. For the single staining experiments, the secondary antibody was conjugated with Alexa fluor-488. In case of double staining, the first antibodies were from different species, for example, rabbit and mouse; here the second antibody against mouse was conjugated with Alexa fluor-488 (green fluorescence) and the anti-rabbit antibody with Alexa fluor-594 (red fluorescence). The nuclei were counterstained with a blue fluorescent Hoechst dye (HOE 33342, Sigma, Germany). Three washes were carried out in PBS/0.1% Triton X-100. The filter was punched out from the plastic support and mounted on a slide in Gel/Mount (Biozol, Eching, Germany). The specimens on both sides of the permeable filter support were observed by fluorescent microscopy (Leitz DMRX, Leica, Germany).
Bioelectrical Measurements
The transmonolayer and transbilayer electrical resistance was expressed in O cm 2 73 ; Sigma, Taufkirchen, Germany) in a concentration of 10 mg/ml in KRB. Samples from the acceptor fluid in the lower well (basolateral) were taken every 20 min over a time period of 3 h, replaced with an equal volume of fresh KRB. The samples were diluted 1:5 with 1 mM NaOH and assayed in a fluorescence plate reader (Genesis Plus, TECAN, Germany) at excitation and emission wavelengths of 485 and 530 nm, respectively. During the experiment, TER was measured to monitor the cell monoand bilayer integrity. The transport studies after TNF-a exposure were carried out in culture medium (RPMI, 10% FCS).
The cumulative appearance of sodium-fluorescein in the acceptor compartment was plotted as a function of time. Apparent permeability coefficients P app were calculated using the equation: 
Electron Microscopy
For transmission electron microscopy (TEM), the cell layers cultured on filter membranes were fixed in 2.5% glutaraldehyde in cacodylate buffer (pH 7.2) for 2 h, then fixed in 1% OsO 4 for 2 h and dehydrated in graded ethanol. After carrying the filter membranes with cells through propyleneoxid as an intermedium, the samples were embedded in agar 100 resin (PLANO, Wetzlar, Germany) and submitted to polymerisation at 601C for 48 h. Semithin and ultrathin sections were cut perpendicular to the filter surface with an ultramicrotome (Leica, Bensheim, Germany) and ultrathin sections were placed onto copper grids. Ultrastructural analysis and photomicroscopy were performed with a transmission electron microscope (model EM 410; Philips, Eindhoven, Netherlands). For scanning electron microscopy (SEM) the cells on the upper and lower surface of the filter membranes were fixed in 2.5% glutaraldehyde and 1% OsO 4 as described above. After dehydration in graded ethanol and air drying, specimens were placed on Leit C-covered metal plates (Neubauer, Mü nster, Germany), sputtered with gold in a coating unit (model E5100, Polaron Instruments Inc., Munich, Germany), and analysed under a scanning electron microscope (model DSM962, Carl Zeiss Inc., Oberkochen, Germany).
Exposure to the Proinflammatory Cytokine TNF-a
Cocultures were exposed to TNF-a (Sigma, 300 U/ml) on the apical or basolateral surface on day 9 for further 48 h. A volume of 190 ml TNF-a (300 U/ml) in RPMI 10% FCS with Dex was added to the apical surface (upper well, NCI H441) or, in case of a basolateral exposure, 1 ml TNF-a (300 U/ml) in HPMEC medium was given to the lower well (HPMEC). The corresponding opposite side of the coculture was exposed to culture medium without cytokine. After 24 h the medium was changed, whereby one fraction of the cocultures was continuously exposed to TNF-a and the other fraction was exposed to fresh culture medium to evaluate the recovery of TER. Therefore, the cocultures were washed once with culture medium, and culture medium without cytokine was added to the upper and lower well. Development of TER was measured after 4, 12, 24 and 48 h, permeation of sodiumfluorescein was measured after 48 h.
Results
Characterization of Cellular Phenotypes
HPMEC, isolated with CD 31 microbeads, exhibited lung microvascular endothelial cell-specific markers as previously described. [44] [45] [46] The phenotype was observed in HPMEC-medium at least until passage 5. In our experiments, HPMEC up to passage 4 were utilized. The human adenocarcinoma cell lines A549 and NCI H441 exhibited osmiophilic intracellular bodies, demonstrated by staining with osmium and tannic acid. In TEM cross-sections, A549 showed a high amount of lamellar bodies (20-30/ cell), secretory organelles characteristic of alveolar type II cells, whereas in NCI H441 the number of multivesicular bodies (MVB) vs lamellar bodies (LB) was higher (Table 1) .
Immunofluorescent staining of NCI H441 gave positive expression of all investigated markers for human alveolar type II cells, like TTF-1 and the production of the surfactant proteins SP-A, SP-B, SP-C and SP-D. An expression of TTF-1 could not be shown in A549 (Table 1) . HPMEC did not exhibit any of the investigated epithelial markers and stained positive for VE-cadherin (Table 1 ). Both epithelial cell lines stained positive for the epithelial cadherin, E-cadherin. HPMEC, A549 and NCI H441 showed a positive but varying immunostaining of ZO-1 ( Table 1 ). The expression pattern of ZO-1 within the different cell types is described below.
Effects of Dex on TER
The development of TER for A549 in monoand coculture with HPMEC with and without Dex (1 and 2 mM) is depicted in Figure 1 (Figure 1b) . TER-values increased to a value of 4475 O cm 2 . The steady increase closely followed the increase in cell number (see light micrographs (LM) picture Figure 2f ). H441 in monoculture without Dex exhibited low TER-values around 1274 O cm 2 . The induction of TER was only achieved in coculture medium with FCS and 1 mM Dex while medium with insulin, transferrin, selenious acid (each with 0.625 mg/ml), BSA (125 mg/ml), linoleic acid (0.535 mg/ml) as serum substitute (ITS þ , BD) and 1 mM Dex did not show an increase in TER (data not shown). Therefore, all further experiments were carried out in medium supplemented with FCS and 1 mM Dex.
To validate our measurement data, madin darby canine kidney (MDCK) cells were used as positive control cells, showing average TER-values of 8000740 O cm 2 after 7-14 days in mono-culture.
Effects of Dex on Morphology
Addition of Dex to the culture medium in the upper well produced marked changes in the morphology of A549. Compared to nontreated conditions, the cellular shape changed from a cuboidal (Figure 2a In addition, with Dex a mono-to bilayer formation of A549 was achieved vs a local multilayer formation (two to three cellular layers) without Dex after 12 days of cocultivation (Figure 2b and c) .
No marked change of the cellular shape of NCI H441 was observed in Dex-treated cocultures of NCI H441 with HPMEC. The cells showed a cuboidal morphology with and without Dex (Figure 2d-f) . The most obvious effect of Dextreatment on morphology was the maintenance of a 
a Counts per cell cross-section.
À, represents no; 7, a fragmental; +, a moderate and ++, a strong staining reaction with fluorochrome. strictly organized cellular monolayer up to day 12 of coculture with apical tight cellular contact areas (Figure 2e, arrows) . In contrast, the monolayer of NCI H441, which was formed up to day 7 of coculture in nontreated cocultures (Figure 2d ), was mostly replaced by a disorganized multilayer of NCI H441 on day 12 (Figure 2f) .
The HPMEC on the lower surface of the filter membrane formed flattened monolayers. If the protruding nuclei of HPMEC were not cut in semithin sections, the endothelial cells could only be recognized by their fine cytoplasmic extensions.
As these extensions were extremely fine and were often easily destroyed by the sectioning procedure, an assessment of the integrity of the endothelial layer required further methods, such as SEM and immunofluorescence staining (see Figure 3i-l) .
Influence of Dex on the Formation of Tight and AJ
The different cocultures (A549 with HPMEC and NCI H441 with HPMEC) were examined by immunofluorescence for the expression of structural markers involved in TJ and AJ formation. This was performed on day 10 of cocultivation (cultivation time with high TER-values). The cellular layers on both sides of the Transwell filter membranes were fixed, permeabilized and immediately stained either with antibodies against the TJ protein ZO-1 or the AJ proteins E-cadherin and VE-cadherin on epithelial and endothelial cells, respectively.
In A549 cells cultured without Dex, the ZO-1 staining appeared perinuclear and as punctate aggregates and was occasionally present at cell-cell contacts (Figure 3a) . In comparison, in the presence of Dex the junctional ZO-1 localization is slightly more distinctive, but still fragmented (Figure 3b) . Concurrent with the disorganized distribution of ZO-1, E-cadherin was found primarily at the cellular junctions of cells developing multilayer structures (Figure 3c arrowhead) . Multilayer formation of cell growth was verified by a nuclear counterstain shown as overlapping nuclei (data not shown). Dex-treated cultures with sparsely overlapping nuclei and mono-to bilayer formation of A549 (Figure 2b) showed little or no junctional staining of E-cadherin (Figure 3d ). In contrast, Dex-treated NCI H441 cells exhibited an intense and uniform staining pattern of E-cadherin, localized to the lateral membranes of an organized epithelial monolayer (Figure 3h) . Coincident with the distinct immunostaining of E-cadherin, ZO-1 staining was localized to the cell periphery in a sharp continuous band surrounding each cell at its apical border ( Figure  3f ). Immunofluorescence demonstrated that in the absence of Dex the layer of NCI H441 cells appears more disorganized, corresponding to a local enhanced perinuclear and discontinuous junctional staining of ZO-1 (Figure 3e , asterisk). The nuclear (j) ). The columns labelled VE-/E-cadherin show AJ visualized using an antibody against E-cadherin for the epithelial cell lines without ((c), (g)) and with 1 mM Dex ((d), (h)) and an antibody against VE-cadherin for HPMEC without ((k)) and with 1 mM Dex (l) (scalebar ¼ 10 mm). Nontreated A549 cells form a multilayer on day 10 of cocultivation with a punctate paracellular staining of E-cadherin ((c), arrowhead), whereas with Dex the staining is fragmented. NCI H441 without Dex show areas of reduced circumferential und enhanced paracellular ZO-1 ((e), asterisk) staining. The multilayer growth of nontreated NCI H441 leads to a disorganized E-cadherin staining pattern ((g), arrow). Dex-treated NCI H441 form a well-organized monolayer with a regular paracellular staining of ZO-1 (f) and E-cadherin (h). HPMEC in coculture with Dex-treated NCI H441 establish a resting endothelial phenotype with VE-cadherin superstructures (l).
counterstain showed areas of overlapping next to evenly distributed nuclei. This 'hill and valley' formation of cell growth (Figure 3g arrowhead, 4b arrow) resulted in a nonuniform E-cadherin staining pattern (Figure 3g) .
A representative ZO-1 and VE-cadherin staining of HPMEC in coculture with NCI H441 is presented in Figure 3 (Figure 3i-l) , similar results were observed with A549 (data not shown). Primary HPMEC up to passage 5 retained their contactinhibited growth pattern independent of Dex-treatment. ZO-1 staining showed no significant difference with or without Dex and appeared as a perinuclear or fine continuous punctate staining at the cellular junctions (Figure 3i and j) . In contrast, a different pattern of staining was observed for VEcadherin in the presence or absence of Dex. In coculture with Dex-treated epithelial cells, HPMEC established a well-organized monolayer with cobblestone morphology and a pronounced VE-cadherin production at the cell-cell borders (Figure 3l) . Additionally, several VE-cadherin superstructures (Figure 3l , asterisk) were observed, resembling a netlike distribution of VE-cadherin at overlapping junctional areas of adjacent highly confluent endothelial cells. 47 In non-Dex-treated cultures, HPMEC exhibited a fine circumferential staining pattern for VE-cadherin and the cell shape was more elongated (Figure 3k ).
Electron Microscopy of Cocultures of NCI H441 and HPMEC
In the coculture of NCI H441 with HPMEC, the Dextreated induction of TER corresponded to an organized junctional appearance of ZO-1 and Ecadherin in NCI H441 (Figure 3f and h) and a resting phenotype of HPMEC, with VE-cadherin superstructures (Figure 3l ). To determine whether Dex induced further morphological differentiation, we examined the coculture at different time points by electron microscopy.
Scanning Electron Microscopy
In nontreated NCI H441, a confluent monolayer with rounded cells, protruding nucleoli and apical microvilli was established by day 7 of cocultivation ( Figure 4a ). The appearance of 'hills and valleys' depicted in the SEM view on day 11 (Figure 4b , arrow) was most likely due to a multilayer configuration. On day 14, the nontreated NCI H441 formed a totally disorganized surface structure with less microvilli and cytoplasmic pseudopodia covering adjacent cells (Figure 4c, arrow) . Observed on days 7 and 11, HPMEC on the opposite side of the Transwell filter membrane established monolayers with most cells showing an elongated shape. On day 14, the layer of HPMEC appeared disrupted in the nontreated coculture (data not shown).
Dex-treated NCI H441 maintained a morphology consistent with an even monolayer for the entire cocultivation period. On day 7, a confluent monolayer of flattened cells with protruding nucleoli, welldefined cellular contact areas (Figure 4d , arrow) and apical microvilli was observed. During the course of cocultivation with Dex, the cells began to round up, but still kept their organized structure with visible apical cellular contacts and a well-established microvillous coverage (Figure 4e and f) . Concurrent with the immunofluorescent findings for the Dex-treated coculture, the HPMEC established a confluent monolayer, showing flattened cells with wide cytoplasmic expansions and protruding nucleoli. The quiescent cobblestone-morphology of HPMEC remained during the entire cocultivation period (data not shown).
Transmission Electron Microscopy
Cross-sections were prepared on day 10 of cultivation by cutting the cocultures in the y-z axis and were viewed by TEM to morphologically examine TJ formation under Dex-treated and nontreated conditions ( Figure 5 ). In both, the presence and the absence of Dex, NCI H441 established a cuboidal morphology with apical microvilli and a basolateral differentiation (Figure 5a and c) . The HPMEC on the opposite side showed a typical flattened morphology with a protruding nucleus and long cytoplasmic expansions (Figure 5a and c) . Under higher magnification the Dex-treated NCI H441 exhibited a reorganization of the apical junction, consisting of a TJ and AJ complex accompanied by a desmosome (Figure 5d ). In contrast, in the absence of Dex, focal and nonspecific areas of separation between adjacent cells were observed (Figure 5b, asterisks) . HPMEC on the opposite side of the filter membrane formed an even monolayer under both conditions on day 10. At higher magnification, HPMEC grown on the opposite side of Dex-stimulated NCI H441 established several lateral contacts between adjacent cells on day 10 of cocultivation (Figure 6a-c) . The endothelial cells developed close cell-cell contacts with a narrow paracellular space and well-defined AJ. TJ are visible as punctate focal contacts ( Figure  6a , asterisk), appearing to a lesser extent than AJ.
Reproducibility of the Development of a Functional Barrier
A similar maximum development of TER was found for Dex-treated cocultures at days 10-12 of cocultivation. In order to evaluate the reproducibility of the in vitro model system, we summarized the TERvalues from three different HPMEC isolates with NCI H441 or A549 on day 11 of each individual cocultivation assay. The mean TER-values (7s.d.) for Dex-treated and nontreated mono-and cocultures (n ¼ 24) on day 11 of cultivation are depicted in Figure 7 . Dex-treated monocultures of NCI H441 
Paracellular Integrity
To confirm that an increase in TER was an indicator of the formation of tight mono-and/or bilayers, we monitored the paracellular movement of the anionic hydrophilic marker, sodium-fluorescein, across Dextreated and nontreated monocultures of NCI H441, and cocultures of NCI H441 with HPMEC. The transport experiments were performed on day 11 of cultivation, 7 days after supplementation with 1 mM Dex. The minimum paracellular permeability for sodium-fluorescein was 0.8170.05 Â 10 À6 cm/s measured for the coculture under Dex-treatment ( Table 2) . On day 11, the apical to basolateral permeability was decreased approximately threeto four-fold in the presence of Dex for both the monoculture of NCI H441 and the coculture of NCI H441 with HPMEC. Under Dex-treatment, the coculture of NCI H441 with HPMEC showed another 1.4-fold decrease in permeability compared to the monoculture of NCI H441.
Influence of TNF-a on Barrier Function and Paracellular Integrity
In a preliminary study, the cocultures were exposed to the proinflammatory cytokine TNF-a to determine whether basolateral or apical treatment with this proinflammatory cytokine could elicit effects on the TJ permeability of the Dex-treated coculture. We exposed the apical (upper well, epithelial side) and the basolateral (lower well, endothelial side) side of the coculture to TNF-a (300 U/ml or 732 pg/ml) and determined the effects on TER at 4, 12, 24, 48 h and P app at 48 h. This concentration was chosen because it causes a significant induction of adhesion molecules like ICAM-1 and VCAM-1 as well as E-selectin on HPMEC. 48 Furthermore, comparable concentrations in the range from 2427126 35 to 10 7317 5048 pg/ml 36 TNF-a were described in bronchiallavage from ARDS patients. After 24 h apical exposure to TNF-a, there was no significant effect on TER compared to control. However, for cocultures exposed to TNF-a from the basolateral side, the TER-value at 12 h decreased to 7474% and further decreased to 6972% of control cocultures at 24 h (Figure 8a) . After 48 h, the apical exposed cocultures still exhibited TER-values that were slightly (9175%) but not significantly reduced compared to control, whereas TER in those exposed to TNF-a from the endothelial side decreased to 69711% (Figure 8a) .
Upon basolateral removal of TNF-a at 24 h, TER returned to control levels by 24 h post-treatment (Figure 8b ). To correlate changes in TER-values induced after TNF-a treatment to alterations in the barrier function of the TJ, the permeability coefficients (apical to basolateral) of cocultures to sodium-fluorescein were measured after exposure. The transport experiments were performed on day 11 of cultivation, 48 h after starting the TNF-a treatment. We performed the transport experiments in culture medium (RPMI 10% FCS) not to further irritate the stimulated cells by using serum-free KRB. The paracellular permeability for sodiumfluorescein averaged 0.170 Â 10 À6 cm/s measured for the coculture under Dex-treatment in culture medium (control w/o TNF-a, Table 3 ). On day 11, the apical to basolateral permeability was increased by approximately 36% in the presence of TNF-a in the lower well (endothelial side) for the coculture of NCI H441 with HPMEC (Table 3) . Coincident with no significant effect on TER compared to control after 48 h apical exposure to TNF-a, the permeability for sodium-fluorescein was not significantly increased in the presence of TNF-a compared to control. Removal of TNF-a after 24 h showed a decrease in permeability at 48 h to control level for both the apical and the basolateral exposure (Table 3) .
Discussion
We have developed a coculture system of human distal lung epithelial and primary microvascular endothelial cells in which stable and confluent monolayers were cocultivated for 10-12 days on the upper and lower surface of collagen-coated HTS 24-Transwell s filter membranes, establishing a functional barrier in a 24-multiwell test-system. This model mimics the layered interfaces of a lung-blood barrier and allows a cell-to-cell communication that influences the cellular morphology, differentiation, orientation and polarization.
The aim of our study was to establish a coculture system of distal lung epithelial cells and lung microvascular endothelial cells as an in vitro model to examine acute lung injury. To mimic the in vivo situation of an alveolocapillary unit, one of the main criteria of the in vitro coculture model was to establish a functional barrier. Since selective barrier function is involved in many aspects of normal lung physiology, the destruction of this barrier is a central element in pathological lung events. Acute lung injury for example is characterized by lesions of both lung alveolar epithelial (ATI and ATII) and endothelial cells. 49 Within the alveolar epithelium, ATII cells play important roles in normal pulmonary function and in the response of the lung to toxic compounds that may cause lung damage. 50 The pulmonary microvascular endothelium resembles a dynamic barrier that is critical for lung gas exchange and regulation of fluid and solute passage between the blood and interstitial compartments in the lung. 51 Our coculture model should resemble the properties of both essential cell types involved in the formation of a lung-blood barrier and its reestablishment after injury, the ATII cells and the lung microvascular endothelium.
To mimic the organotypic characteristics of the human lung as accurately as possible in vitro, primary isolated pulmonary microvascular endothelial cells were used to establish the coculture. Although techniques have been developed to isolate and purify human adult ATII cells from lung tissue, [51] [52] [53] [54] [55] transdifferentiation of the isolated cells leads to a rapid loss of the ATII phenotype within 8-10 days of cultivation towards an ATI-like phenotype. 54, 55 In comparison the cell line A549 56 does not transdifferentiate and is commonly used as a model for ATII cells. 53, [57] [58] [59] [60] The cell NCI H441 line exhibits morphological characteristics of type II and Clara cells. 61 Clara and ATII cells share several markers such as the production of surfactant proteins SP-A, SP-D, SP-B and the associated expression of the nuclear factor TTF-1. Beside these attributes, recent studies have shown that NCI H441 exhibited responses to mitogenic growth factors similar to primary isolated type II cells. 62 In our studies, NCI H441 exhibited all investigated markers for type II cells, such as the expression of all surfactant proteins and TTF-1. The formation of lamellar bodies, storage organelles for SP-B and SP-C, and associated phospholipids, like dipalmitoylphosphatidylcholine (DPPC), 63 and the positive immunocytochemical staining for the ATII marker SP-C further supports the type II characteristics of NCI H441. NCI H441 cells are commonly used as models of the Clara cell type, although these cells also exhibit a number of type II characteristics and could therefore be a useful in vitro model for these cells. Nevertheless, further characterization is necessary to determine if this cell line can be applied as an ATII model for each individual question.
The alveolar epithelium of the lung forms a much tighter barrier against liquid flux and protein permeation than the capillary endothelium. 64 Therefore, a prerequisite for an in vitro-like model of a peripheral lung-blood barrier is the establishment of a tight epithelial cell monolayer distinguished by high TER-values. In previously described culture models, the human distal airway cell line A549 failed to develop substantial TER 29, 65 and showed TJ of a beaded appearance in freeze-fracture studies. 26 However, A549 were used in all human coculture models for leukocyte transmigration or microbial infection at the distal airways, 66, 67 26 their assembly in vitro can be influenced could be achieved with Dex (1 mM). In a functional test for paracellular restrictiveness, the coculture of NCI H441 and HPMEC demonstrated a significantly reduced flux of the hydrophilic permeability marker, sodium-fluorescein. These results indicate that Dex alone and DEX in the cocultivation of NCI H441 with HPMEC both induce the differentiation of NCI H441 and the formation of a tight barrier.
Comparing mono-and cocultures, enhanced TERvalues were measured in coculture compared to the monoculture of NCI H441. These findings may be due to paracrine factors influencing the neighbouring cell type in coculture or due to Dex-treatment. [71] [72] [73] [74] The effects of Dex may not only be restricted to the epithelial cells but may also have an influence on the endothelial cells in coculture. Although in our experiments Dex was only applied to the epithelium in the upper chamber of the HTS 24-Transwell s unit, an effect by Dex on the endothelium via diffusion through the epithelial layer cannot be ruled out. Dex has previously been shown to induce intercellular junctions, gaps and ZO-1 in endothelial cells of the tabecular meshwork and Schlemm's canal of the eye. 75 Apart from the formation of a resting or quiet endothelial monolayer with pronounced VE-cadherin staining, no additional changes on endothelial ZO-1 staining were observed with Dex in our experiments. Nevertheless, the enhanced TER-values in coculture compared to the monoculture could be due to the formation of a tighter epithelial barrier, and possibly due to the establishment of a second tight barrier, the endothelial barrier. Further studies are planned to address these findings.
Better knowledge of the structure and function of the intercellular junctions between constituent cells of the alveolar epithelium and endothelium is critical for understanding how the individual barriers are injured and re-established after injury. Studies are needed to characterize the proteins that make up the TJ, their relationships with the cytoskeleton, and the effect of injury on TJ structure and functional relationships. 76 To demonstrate the applicability of our coculture as a model for an injured and re-established distal lung barrier, we tested the influence of the proinflammatory cytokine TNF-a on TER and paracellular permeability. Our preliminary study showed a significant difference between a basolateral and apical exposure to TNF-a (300 U/ml), with reduced TER-values after basolateral and no significant influence on TER after apical exposure for 12 and 24 h. These findings may be due to an effect of absolute concentration of TNF-a per culture surface, which was 139 pg/ 0.33 cm 2 for the apical side (NCI H441) and 732 pg/ 0.33 cm 2 for the basolateral side (HPMEC). We are currently investigating different concentrations of TNF-a. Another explanation of the average basolateral 30% reduction of TER-value compared to control (from 393729 to 26778 O cm 2 ) could be the breakdown of the endothelial barrier. Monocultures of NCI H441 exhibit maximum TER-values of 273711 O cm 2 , which lie in the same range of TNF-a exposed cocultures. In addition, the minor changes in permeability, which is mainly influenced by the epithelial TJ, support this thesis. Furthermore, human bronchial epithelial cells also showed no difference in permeability in monocultures, which were basolateral exposed to TNF-a alone. 77 The main effect of TNF-a on barrier disruption is described for endothelial cell monolayers, [41] [42] [43] 78 whereas for lung epithelial barrier disruption the costimulatory effect of additional cytokines is needed. 77, 79 The barrier function of the alveolar epithelium and endothelium may be regulated by costimulatory effects. Our reproducible coculture model will provide further insight into the interaction of these two essential cell types of a peripheral air-blood barrier. In future studies, we are planning to further define these interactions.
In conclusion, we have defined culture conditions for the in vitro coculture of human epithelial cell lines (A549, NCI H441), resembling ATII cell characteristics, and primary human lung microvascular endothelial cells. In contrast to A549, the cell line NCI H441 treated with Dex formed a tight and polarized cell layer when cocultivated with HPMEC on permeable filter supports. In a functional test, using TNF-a as a model cytokine, we induced an injured distal lung barrier with reduced TER-values, that could be re-established after removal of the cytokine. Our coculture system may therefore be a useful model for studies addressing the role of the differentiated endothelial and epithelial phenotype (cell polarity and tight barrier) in pathological processes, such as acute lung injury or lung toxicology. Experiments on the influence of cytokines, hypoxia and microbial toxins could be carried out to study the effects on barrier integrity and function. In addition, based on the formation of a functional barrier, the HTS 24-Transwell s coculture provides a suitable model system for the examination of lung drug delivery.
